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The ability to tune exchange (magnetic) interactions between 3d transition metals in perovskite 
structures has proven to be a powerful route to discovery of novel properties. Here we demonstrate 
that the introduction of 3d-5d exchange pathways in double perovskites enables additional tun- 
ability, a result of the large spatial extent of 5d wave functions. Using x-ray probes of magnetism 
and structure at high pressure, we show that compression of Sr 2 Fe 0 s 06 drives an unexpected con¬ 
tinuous change in the sign of Fe-Os exchange interactions and a transition from antiferromagnetic 
to ferrimagnetic order. We analyze the relevant electron-electron interactions, shedding light into 
fundamental differences with the more thoroughly studied 3d-3d systems. 


First-row (3d) transition metal oxides with perovskite 
crystal structure (ABO 3 with A an alkali, alkaline earth 
or rare earth ion and B a transition metal ion) con¬ 
tinue to provide a rich playground for the realization 
of novel quantum states, a result of a strong interplay 
between spin, orbital, charge and lattice degrees of free¬ 
dom. Manipulation of electron correlations at interfaces 
of heterostructures or under application of electric and 
magnetic fields in multiferroic structures has unraveled 
a plethora of new phenomena in these strongly corre¬ 
lated 3d systems [1-5]. In the search for materials with 
additional tunability, double perovskites with A 2 BB '06 
formula unit (B and B’ are distinct TM ions arranged pe¬ 
riodically, doubling the unit cell) have emerged as a new 
fertile ground for exploration of novel quantum states 
[ 6 , 7]. This is because d-orbital occupancy and sym¬ 
metry, which together with lattice distortions control B- 
B’ electron hoping integrals and therefore transport and 
exchange (magnetic) interactions, can be independently 
tuned at B and B’ sites. Additionally, the ability to com¬ 
bine the rather localized 3d electron wave functions at B 
sites with the more delocalized 5d electron wavefunctions 
of third-row transition metal ions at B’ sites, provides a 
path to further tunability and potential for new function¬ 
alities. 

While the mechanisms regulating 3d-3d exchange in¬ 
teractions in these oxide structures are rather well un¬ 
derstood in terms of Goodenough-Kanamori (G-K) rules 
[8-11], the understanding of 3d-5d interactions is much 
less developed. For example, on-site Goulomb interac¬ 
tions are significantly reduced at 5d sites relative to 3d 
sites, affecting the strength of Hand’s coupling and re¬ 
lated strength of double-exchange interactions (i.e., de¬ 


localized superexchange involving Cg electrons) [12-14]. 
Furthermore, the disparate crystal electric fields (GEF) 
at 3d and 5d sites, together with sizable spin-orbit in¬ 
teractions in 5d ions with strong nuclear potential alters 
the energy landscape and modifies electron hoping. As a 
result, the validity of G-K rules in 3d-5d systems ought 
to be addressed. The extended 5d orbitals may also re¬ 
quire accounting for longer-range exchange pathways be¬ 
yond first neighbor exchange in order to understand mag¬ 
netic phenomena. A number of double perovskites of this 
type have shown remarkable properties including half- 
metallicity above room temperature in A2GrW06 [15], 
colossal magnetoresistance in Sr 2 FeRe 06 [16], and mod¬ 
erate to large magneto-optical properties in Sr 2 GrRe 06 
and Sr2Gr0s06 [17], a testament to the exciting opportu¬ 
nities inherent in the exploration of these versatile struc¬ 
tures. 

In this work, we explore the use of external pressure 
(compressive stress) as a tool to modify lattice structure 
and 3d-5d exchange interactions, allowing us to develop 
a fundamental understanding of the underlying physics 
in a model system, Sr2Fe0s06. Using x-ray spectro¬ 
scopic and structural probes in a diamond anvil cell, 
we find a pressure-induced reversal in the sign of Fe- 
Os exchange interactions along the crystallographic c- 
axis of this tetragonal structure, driving a change from 
an antiferromagnetic (AFM) to a ferrimagnetic (FiM) 
ground state. The transition is a result of an increase 
in the difference between cubic crystal fields at Fe and 
Os sites with pressure, which gradually impairs the abil¬ 
ity of eg electrons to mediate ferromagnetic (FM) double 
exchange (DE) interactions along the c-axis. As a re¬ 
sult, AEM super exchange (SE) involving t 2 g electrons 
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Figure 1. (Color online) (a) Crystal and magnetic struc¬ 
ture of Sr2Fe0s06 and Ca2Fe0s06 double perovskites. (b) 
Schematic of double exchange (FM) and superexchange 
(AFM) interactions between Fe^^ and Os^"*" ions along c-axis. 


becomes the dominant interaction in both in-plane and 
out-of-plane directions at high pressure. This mechanism 
is different than that behind the AFM-FiM transition 
induced by chemical pressure (Ca substitution for Sr) 
where the weakening of DE-FM interactions is driven by 
an increased Fe-O-Os bond buckling along c-axis. That 
both mechanisms lead to a common ground state is strik¬ 
ing evidence for a weakened FM interaction as a result 
of the delocalized nature of 5d wavefunctions, namely, 
a small on-site Coulomb interaction and large crystal 
field at Os sites. The novel pressure-induced transition, 
unique to the 3d-5d makeup of this double perovskite 
structure, transforms a material with no remanent mag¬ 
netization or coercivity into one with robust coerciv- 
ity 0.5 T) typical of permanent magnets, aided by 
the presence of spin-orbit interaction at Os sites. The 
fragility of FM interactions in this 3d-5d system indicates 
that modest changes in tensile or compressive strain in 
engineered epitaxial films could have significant impact 
on magnetic response providing a path to functional de¬ 
vices. 


We start by comparing the structural and electronic 
properties of Sr2Fe0s06 [18, 19] to its chemically com¬ 
pressed analog, Ca2Fe0s06 [20]. The smaller Ca^+ ions 
drive a transition from a tetragonal (/4/m) to a dis¬ 
torted monoclinic (P2i/n) crystal structure (Fig. la). 
In the tetragonal structure, the B/B’Oe octahedra are 
rotated by ^ 13 degrees around the c-axis, leading to 
buckled (^ 167 degrees) Fe-O-Os bonds within the ab 
plane but retaining Fe-O-Os collinearity along the c-axis. 
This collinear bonding displays FM coupling of Fe and Os 
ions, as expected from G-K rules for the coupling between 
Fe^+ (3d^) and Os^+ (5d^) ions [21]. Surprisingly, the in¬ 
plane Fe-Os coupling is AFM despite the relatively small 
buckling angle, in apparent contradiction with G-K rules 
which predict AFM coupling at much larger angles [21]. 
As discussed below, this is a result of weak 3d-5d FM 
interactions relative to their 3d-3d counterparts, driven 
by the delocalized nature of the 5d wavefunction. The 
compressed Ga structure adds a second B/B’Oe octahe¬ 
dra rotation around [110] (a“a“b+ in Glazer notation), 
leading to deviations from collinearity in both in-plane 
and out-of-plane directions and emergence of FiM order 
(Fig. la). Note that the FM interaction between Fe and 
Os is mediated by the overlap of e^ orbitals with oxy¬ 
gen Per orbitals, highly sensitive to the degree of Fe-O-Os 
collinearity (Fig. lb, bottom panel). On the other hand, 
the AFM interaction is mediated by the overlap of t 2 ^ 
and oxygen p^^ orbitals, which is only weakly modified 
by buckling (see Supplemental Material [22] for a theo¬ 
retical description). 

X-ray magnetic circular dichroism (XMGD) measure¬ 
ments at Fe L 2,3 and Os L 2,3 edges confirm the presence 
of FiM order in the Ga structure and absence thereof in 
the Sr structure (Fig. 2). The Fe and Os magnetic mo¬ 
ments point in opposite directions as evident by the op¬ 
posite signs of XMGD signals (Fe along applied field). A 
strong exchange coupling between magnetic sublattices 
is evident from their correlated magnetization reversal. 
The Sr structure shows typical AFM response to applied 
fields, namely, linear dependence of magnetization due 
to field-induced canting of Fe and Os moments. The low 
saturation magnetization in the Sr structure at 4 Tesla, 
ten times smaller than in the Ga structure (Fig. 2 e-f), 
is indicative of strong exchange interactions favoring a 
nearly collinear AFM arrangement of magnetic moments 
with small canting. 

Since spin-orbit interactions can affect electronic struc¬ 
ture at 5d sites, we performed a theoretical analysis of 
the x-ray absorption data using OsOe and FeOe clus¬ 
ter calculations including single and double ligand-hole 
states [22]. A good agreement between the experimen¬ 
tal and theoretical spectra is obtained (see Fig. 2 a- 
d). Galculated orbital and spin moments for Os are 
mi= -(Lz) = 0.27 /rs/Os, ms= -2(Sz)= -2.72 /i^/Os 
(mos = mi ^ rris = —2.45 /r^/Os). The orbital mag¬ 
netization at Os sites is opposite to the spin magneti- 
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Figure 2. (Color online) Normalized Os and Fe XANES and 
XMCD L 2,3 edge spectra for (a)-(b) Ca2Fe0s06 and (c)- 
(d) Sr 2 Fe 0 s 06 double perovskites measured at ambient pres¬ 
sure. Black lines are results from cluster calculations, (e)- 
(f) Field-dependence of Fe L 3 (E^a =0.709 keV) and Os L 2,3 
(El 2 = 12.391 keV and El 3 = 10.877 keV) XMCD peak inten¬ 
sities for Ca 2 Ee 0 s 06 and Sr 2 Ee 0 s 06 . 


zation, as expected for a less than half-filled 5d orbital 
occupancy (calculated number of 5d holes is n/i=6.38). 
The corresponding quantities for Fe sites are mi = 0.044 
/i^/Fe, ms = 4.34 //^/Fe {mpe = 4.38 /i^/Fe; number of 
3d holes n/i=4.35). The XMCD-derived orbital and spin 
moments as well as net saturated magnetization {mpe + 
mos = 1-93 fip) are in good agreement with DFT calcu¬ 
lations [23] and SQUID measurements [18]. The results 
confirm a high-spin ground state for Fe, with covalency 
(and S-0 interactions at Os sites) responsible for the re¬ 
duction in moment values from the expected 5(3)/iB of 
Fe^+ (Os^+) ions in octahedral CEF (neutron diffraction 
experiments have so far failed to converge on a consistent 
description of the magnitude of local moments in either 
structure [24, 25]). The orbital-to-spin moment ratio is 
ten times larger at Os sites due to the stronger S-0 in¬ 
teraction. Analysis of the Os L 2,3 branching ratio [22] 
indicates that Os cannot be described in the strong S- 
O coupling limit commonly used for Iridates [26-28] and 
instead falls in an intermediate regime where S-0 interac¬ 
tions compete with Hand’s exchange in the presence of a 
dominant CEF interaction in agreement with calculations 
[23]. S-0 and CEF interactions acting on Os 5d electrons 
are expected to be a source of magnetic anisotropy and 
explain the sizable coercivity of FiM Ca2Fe0s06. 

We now turn to the effect of hydrostatic pressure on 
the structural and electronic ground state of Sr 2 Fe 0 s 06 . 


Experimental details for the XRD and XMCD measure¬ 
ments carried out in diamond anvil cells at low tempera¬ 
ture are given in the supplemental material [22]. As seen 
in Fig. 3 c-d, a continuous increase in XMCD signal is 
observed under pressure reaching four times its ambient 
pressure value at 40 GPa (although not matching the sat¬ 
uration value of the Ca structure). The emergence of a 
FM response in the Os sublattice is clearly seen in the 
field-dependent XMCD data, where large coercivity (0.5 
Tesla) comparable to that of the Ca structure (0.85 Tesla) 
is observed (Fig. 4a). Remanent magnetization (^ 0.23 
iis/Os) also emerges. This presents a dramatic change 
from the negligible coercivity and remanence measured 
at ambient pressure (Fig. 4a). We note that the XMCD 
signal fully reverts in size upon pressure reduction from 
40 GPa to 24.9 GPa with no measurable hysteresis. It 
appears that the exchange coupling of Os and Fe mo¬ 
ments along the c-axis continuously transforms from FM 
towards AFM under lattice compression leading to a FiM 
response, mimicking the behavior of the chemically com¬ 
pressed Ca structure (Fig. la). 

One may be tempted to conclude that the driving force 
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Figure 3. (Color online) (a) Pressure dependence of Os L 2 - 
edge XANES for Sr2Ee0s06. (b) XANES spectra obtained 
from cluster calculations using octahedral crystal field val¬ 
ues of 10Dq = 3.7 eV and 4.2 eV for ambient pressure and 
30 GPa, respectively, (c)-(d) Os L 2 -edge XMCD as a func¬ 
tion of applied pressure. Data collected after partial pres¬ 
sure release (24.9 GPa) are also shown, (e) Tetragonal lat¬ 
tice parameters and c/a ratio refined within I4/m tetrago¬ 
nal space group, (f) c/a ratio as a function of Ca doping in 
Sr 2 -xCaxEe 0 s 06 , and as a function of temperature (ambient 
pressure) in Sr2Ee0s06, reproduced from Ref. [19, 25]. 
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for the magnetic transition is a pressure-induced mono¬ 
clinic distortion with related deviation in Fe-O-Os c-axis 
bonding from collinearity. However, our low tempera¬ 
ture (15 K) x-ray powder diffraction measurements show 
that the Sr structure remains tetragonal to 56 GPa [22]. 
Ca doping drives a continuous reduction in c/a ratio, a 
result of larger buckling in c-axis Fe-O-Os bonding com¬ 
pressing the c-axis lattice parameter faster than the a- 
axis lattice parameter (Fig. 3f). This contrasts with the 
increase in c/a ratio with pressure (Fig. 3e), which in¬ 
dicates that such c-axis buckling does not take place in 
the Sr structure. Indeed, an enhanced c/a ratio is also 
observed upon cooling the Sr structure at ambient pres¬ 
sure (inset of Fig. 3f), which is known to retain tetragonal 
symmetry with increased in-plane Fe-O-Os buckling. X- 
ray absorption fine structure (XAFS) data at the Os L 2 
edge shows no significant change to 40 GPa [22]. Since 
XAFS is highly sensitive to deviations in Os-O-Fe bond¬ 
ing from collinearity [22] we conclude that this bonding 
remains collinear along the c-axis and therefore the tran¬ 
sition to a FiM state under pressure has a different origin 
than that induced by chemical pressure. 

Experimental and theoretical reports on the nature of 
exchange interactions in Sr 2 Fe 0 s 06 have addressed the 
origin of AFM order in this structure at ambient pres¬ 
sure [24, 25, 29]. In fact, two different AFM configura¬ 
tions (AFl and AF2, Fig. 4c) are observed by neutron 
diffraction to coexist at low temperature, the AF2 phase 
appearing on cooling below 67 K and becoming domi¬ 
nant below 55 K (85% at 2 K) [24, 25]. The AFl phase 
consists of FM Fe-Os chains along the c-axis, while half 
of Fe-Os bonds become AFM coupled in the AF2 phase 
as a result of a lattice distortion in which short (AFM) 
and long (FM) Fe-Os distances are created. 

There are two direct consequences of the reduction in 
the Fe-O-Os bond lengths. First, there is an increase in 
the hoping integrals between the TM ions and the oxy¬ 
gens. These are given by the tight-binding parameters 
pdaTM-o and pdiTTM-o for the a-bonding Cg orbitals 
and TT-bonding t 2 ^ orbitals, respectively. Both hoping 
matrix elements have a dependence on the TM- 

O distance. Additionally, both the SE and DE interac¬ 
tions have, to leading order, a similar dependence on the 
hoping integrals [22]. Therefore, changes in the relative 
strengths of the DE and SE interactions are a higher- 
order effect. This is confirmed by numerical calcula¬ 
tions using Ee-O-Os clusters with parameters consistent 
with those used to calculate the x-ray absorption spec¬ 
tra, which showed a minimal dependence of the relative 
strengths of the exchange interactions with the hoping 
integrals. The second quantity affected by the reduction 
of the TM-0 distance is the GEE. Here, the magnetic 
exchange interactions are affected differently. The DE 
involves the exchange of an e^ electron between the Ee 
and the Os ion. To leading order the gain in energy due 
to the DE is given by 
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Figure 4. (a) Field-dependence of Os L 2 -edge XMCD inten¬ 
sity at ambient pressure and at 30 GPa showing emergence 
of FM response in the Os sub lattice, (b) Energy difference 
between FM and AFM Fe-Os coupling along the c-axis as a 
function of the difference in crystal electric field at Os and Fe 
sites, (c) Evolution of magnetic structure with cooling and 
applied pressure. Ji (J'l) denotes nearest-neighbor exchange 
between Fe and Os moments. The Fe-Os distances in AFl 
and AF2 structures are taken from Ref [24] . 
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where A is the charge-transfer energy for osmium and 
oxygen, U is the charge transfer from the Fe site to the 
Os site [22]. We see that the DE is directly proportional 
to the (weak) Hund’s rule coupling JHund,Os on the os¬ 
mium ion. A decrease in lattice parameters causes an 
increase in the difference between the Os and Ee crystal- 
field parameters 10Dqos — leading to a further 

reduction of the double exchange interaction. This has 
been confirmed by cluster calculations where a transition 
from a EM to AEM Ee-Os coupling is obtained (Eig. 4b). 
Evidence for pressure-induced changes in GEE parameter 
at Os sites is seen in the evolution of the L 2 -edge white 
line (Eig. 3a), the enhanced spectral weight in the high- 
energy side reproduced in cluster calculations with a 0.5 
eV increase in crystal field strength (Eig. 3b). 

An understanding of the pressure induced magnetic 
transition naturally follows. Upon lattice compression 
the reduction in all Ee-Os distances and related increase 
in (cubic) GEE energy causes a weakening of an already 
fragile Ee-Os DE-EM interaction relative to the SE-AEM 
interaction along the c-axis. The in-plane Ee-Os coupling 
remains AEM at all temperatures and pressures due to 
the persistent in-plane Ee-O-Os buckling. The transition 
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to AFM coupling in Fe-Os bonds along the c-axis leads 
to emergence of FiM order in the compressed structure. 
Although full, collinear FiM order is not achieved at 40 
GPa (based on field dependent data and comparison to 
Ca analog), the transition appears to be second order as 
no detectable hysteresis was observed on pressure release. 

The high degree of tunability of exchange interactions 
under pressure is unique to the 3d-5d makeup of this 
double-perovskite structure, namely, the delocalized 5d 
state reduces the onsite Coulomb interaction and in¬ 
creases CEF resulting in weaker DE-FM Fe-Os interac¬ 
tions compared to those found in 3d-3d analogs. For ex¬ 
ample, the FM state of La2MnNi06 remains unchanged 
to at least 38 GPa, a result of strong on-site (Hund’s) 
coupling on Mn sites [30]. The ability to not only dra¬ 
matically alter the magnetic state with external stimuli 
but to do so in a continuous fashion is appealing for ap¬ 
plications where tunability of coercivity and saturation 
magnetization is desired. While undoped Sr2Fe0s06 re¬ 
quires sizable pressures (> 10 GPa) to induce significant 
changes in coercivity and net magnetization, one can en¬ 
vision doping Ca into the Sr structure to attain prox¬ 
imity to a FiM state [25] hence enabling much smaller 
pressures (or strain in films) to drive the AFM-FiM tran¬ 
sition in a reversible way; e.g., with dynamical compres¬ 
sion/decompression. Furthermore, the ability to achieve 
sizable coercive fields (0.5 Tesla) by manipulating indi¬ 
rect (3d-5d) exchange interactions with pressure coupled 
with S-0 interactions at 5d sites presents an interesting 
opportunity in the search for rare-earth free permanent 
magnets [31, 32]. 
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